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Scalable and efficient quantum computation with photonic qubits requires (i) deterministic sources
of single-photons, (ii) giant nonlinearities capable of entangling pairs of photons, and (iii) reliable
single-photon detectors. In addition, an optical quantum computer would need a robust reversible
photon storage devise. Here we discuss several related techniques, based on the coherent manipula-
tion of atomic ensembles in the regime of electromagnetically induced transparency, that are capable
of implementing all of the above prerequisites for deterministic optical quantum computation with
single photons.
PACS numbers: 03.67.Lx, 42.50.Gy
I. INTRODUCTION
The field of quantum information, which extends and
generalizes the classical information theory, is currently
attracting enormous interest in view of its fundamental
nature and its potentially revolutionary applications to
computation and secure communication [1, 2]. Among
the various schemes for physical implementation of quan-
tum computation [3, 4, 5, 6, 7, 8], those based on photons
[7, 8] have the advantage of using very robust and ver-
satile carriers of quantum information. However, the ab-
sence of practical single-photon sources and the weakness
of optical nonlinearities in conventional media [9] are the
major obstacles for the realization of efficient all-optical
quantum computation. To circumvent these difficulties,
it has been proposed to use linear optical elements, such
as beam-splitters and phase-shifters, in conjunction with
parametric dawn-converters and single-photon detectors,
for achieving probabilistic quantum logic with photons
conditioned on the successful outcome of a measurement
performed on auxiliary photons [8]. Yet, an efficient and
scalable device for quantum information processing with
photons would ideally require deterministic sources of
single photons, strong nonlinear photon-photon interac-
tion and reliable single-photon detectors. In addition, a
versatile optical quantum computer would need a robust
reversible memory devise.
In this paper we discuss several related techniques
which can be used to implement all of the above prereq-
uisites for deterministic optical quantum computation.
The schemes discussed below are based on the coherent
manipulation of atomic ensembles in the regime of elec-
tromagnetically induced transparency (EIT) [10, 11, 12,
13], which is a quantum interference effect that results in
a dramatic reduction of the group velocity of weak prop-
agating field accompanied by vanishing absorption [14].
As the quantum interference is usually very sensitive to
∗E-mail: dap@iesl.forth.gr
the system parameters, various schemes exhibiting EIT
have recently received considerable attention due to their
potential for greatly enhancing nonlinear optical effects.
Some of the most representative examples include slow-
light enhancement of acusto-optical interactions in doped
fibers [15], trapping light in optically dense atomic and
doped solid-state media by coherently converting pho-
tonic excitation into spin excitation [16, 17, 18] or by
creating photonic band gap via periodic modulation of
the EIT resonance [19], and nonlinear photon-photon
coupling using N-shaped configuration of atomic levels
[20, 21, 22, 23].
Below, we will focus on the optical implementation of
quantum computation with qubit basis states represented
by two orthogonal polarization states of single photons,
as opposed to an alternative approach, wherein nearly-
orthogonal weak coherent states of optical fields are used
[24, 25]. The chief motivation for this is that single-
photon pulses provide a natural choice for qubits em-
ployed in quantum computation and quantum commu-
nication protocols [1, 2], and facilitate the convenience
and intuitiveness in the description of their dynamics in
quantum information processing networks.
In section II we outline the envisioned setup of an op-
tical quantum computer and discuss the physical imple-
mentations of the required single- and two-qubit logic op-
erations. Section III gives a concise introduction of the
EIT in optically dense atomic media, which is necessary
for understanding the principles of operation of photonic
memory devise of section IV, deterministic single photon
sources discussed in section V, giant cross-phase modu-
lation of section VI, and reliable single-photon detection
presented in section VII. The conclusions are summa-
rized in section VIII.
II. OPTICAL QUANTUM COMPUTER
Quantum computer is an envisaged physical device for
processing the information encoded in a collection of two-
level quantum-mechanical systems – qubits – quantum
analogs of classical bits. Such a computer would typi-
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FIG. 1: Schematic representation of the quantum computer with single-photon qubits. The operation of the computer consists
of the following principal steps: Qubit initialization is realized by deterministic single-photon sources (SPhS). Information
processing is implemented by the quantum processor with single-qubit U and two-qubit W logic gates. Read-out of the result
of computation is accomplished by efficient single-photon detectors (SPhD).
cally be composed of (a) quantum register containing a
number of qubits, whose computational basis states are
labeled as |0〉 and |1〉; (b) one- and two-qubit (and possi-
bly multi-qubit) logic gates – unitary operations applied
to the register according to the particular algorithm; and
(c) measuring apparatus applied to the desired qubits at
the end of (and, possibly, during) the program execution,
which project the qubit state onto the computational ba-
sis { |0〉, |1〉}. Operation of the quantum computer may
formally be divided into the following principal steps.
Initialization: Preparation of all qubits of the register in a
well-defined initial state, such as, e.g., |0 . . . 000〉. Input:
Loading the input data using the logic gates. Computa-
tion: The desired unitary transformation of the register.
Any multiqubit unitary transformation can be decom-
posed into a sequence of single-qubit rotations and two-
(or more) qubit conditional operations, which thus con-
stitute the universal set of quantum logic gates. Output:
Projective measurement of the final state of the register
in the computational basis. The reliable measurement
scheme would need to have the fidelity more than 1/2,
but ideally as close to 1 as possible.
A schematic representation of an optical quantum com-
puter is shown in figure 1. In the initialization sec-
tion of the computer, deterministic sources of single pho-
tons generate single-photon pulses with precise timing
and well-defined polarization and pulse-shapes (see sec-
tion V). A collection of such photons constitutes the
quantum register. The qubit basis states { |0〉, |1〉} of
the register are represented by the vertical |V 〉 ≡ |0〉 and
horizontal |H〉 ≡ |1〉 polarization states of the photons.
The preparation of an initial state of the register and the
execution of the program according to the desired quan-
tum algorithm is implemented by the quantum proces-
sor. This amounts to the application of certain sequence
of single-qubit U and two-qubit W unitary operations,
whose physical realization is described below. Finally,
the result of computation is read-out by a collection of
efficient polarization-sensitive photon detectors (see sec-
tion VII).
For the photon-polarization qubit |ψ〉 = α |V 〉 +
β |H〉, the universal set of quantum gates can be con-
structed from arbitrary single-qubit rotation operations
U and a two-qubit conditional operation W , such as the
controlled-not (cnot) operation |a〉 |b〉 → |a〉 |a ⊕ b〉
(a, b ∈ {0, 1}) or controlled-phase or Z (cphase or cz)
operation |a〉 |b〉 → (−1)ab |a〉 |b〉. In turn, any single-
qubit unitary operation U can be decomposed into a
product of rotation R(θ) and phase-shift T (φ) operations
R(θ) =
[
cos θ − sin θ
sin θ cos θ
]
, T (φ) =
[
1 0
0 eiφ
]
,
and an overall phase shift eiϕ. As an example, the Pauli
X , Y , Z and Hadamard H transformations can be repre-
sented as X = R(π/2)T (π), Y = eiπ/2R(π/2), Z = T (π),
H = R(π/4)T (π).
As shown in figure 2(a), for the photon-polarization
qubit |ψ〉 the R(θ) and T (φ) operations are implemented,
respectively, by the rotation of photon polarization by an-
gle θ about the propagation direction, and relative phase-
shift φ of the |V 〉 and |H〉 polarized components of the
photon. Both operations are easy to implement with the
standard linear optical elements, Faraday rotators, polar-
izing beam-splitters or phase-retardation (birefringent)
waveplates. A possible realization of the cphase two-
qubit entangling operation is shown in figure 2(b). There,
after passing through a polarizing beam-splitter, the ver-
tically polarized component of each photon is transmit-
ted, while the horizontally polarized component is di-
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FIG. 2: Proposed physical implementation of quantum logic
gates. (a) Single-qubit logic gates U are implemented with
a sequence of two linear-optics operations: R(θ) – Faraday
rotation (FR) of photon polarization by angle θ about the
propagation direction; T (φ) – relative phase-shift φ of the
photon’s |V 〉 and |H〉 polarized components due to their op-
tical paths difference. (b) Two-qubit cz (or cphase) gate
Wcz is realized using polarizing beam-splitters (PBS) and pi
cross-phase modulation studied in section VI.
rected into the active medium, wherein the two-photon
state |Φin〉 = |H1H2〉 acquires the conditional phase-
shift π, as discussed in section VI. At the output, each
photon is recombined with its vertically polarized com-
ponent on another polarizing beam-splitter, where the
complete temporal overlap of the vertically and horizon-
tally polarized components of each photon is achieved by
delaying the |V 〉 wavepacket in a fiber loop or sending it
though a EIT vapor cell in which the pulse propagates
with a reduced group velocity (see section III).
The remainder of this paper is devoted to the phys-
ical realizations of the constituent parts of the optical
quantum computer described above.
III. ELECTROMAGNETICALLY INDUCED
TRANSPARENCY
The propagation of a weak probe field Eei(kz−ωt) with
carrier frequency ω and wave vector k = ω/c in a near-
resonant medium can be characterized by the linear sus-
ceptibility χ(ω), whose real and imaginary parts de-
scribe, respectively, the dispersive and absorptive prop-
erties of the medium: E(z) = E(0)e−κzeiφ(z), where
κ = k/2 Imχ(ω) is the linear absorption coefficient, and
φ(z) = k/2Reχ(ω)z is the phase-shift. In the case
of light interaction with two-level atoms on the transi-
tion |g〉 → |e〉, the familiar Lorentzian absorption spec-
trum leads to the strong attenuation of the resonant field
(∆ ≡ ω − ωeg = 0) in the optically dense medium ac-
cording to E(z) = E(0)e−κ0z, where the resonant ab-
sorption coefficient κ0 = σ0ρ is given by the product
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FIG. 3: Electromagnetically induced transparency in atomic
medium. (a) Level scheme of three-level Λ-atoms interact-
ing with a cw driving field with Rabi frequency Ωd on the
transition |s〉 ↔ |e〉 and a weak pulsed E field acting on the
transition |g〉 ↔ |e〉. The lower states |g〉 and |s〉 are long-
lived (metastable), while the excited state |e〉 decays fast with
the rate Γ. (b) Absorption and dispersion spectra (δR = ∆) of
the atomic medium for the E field in units of resonant absorp-
tion coefficient κ0, for Ωd/γge = 1 and γR/γge = 10
−3. The
light-gray curves correspond to the case of Ωd = 0 (two-level
atom).
of atomic density ρ and absorption cross-section σ0 =
℘2geω/(2~cǫ0γge), ℘ge = 〈g|d |e〉 being the dipole matrix
element for the transition |g〉 → |e〉 and γge(≥ Γ/2) the
corresponding coherence relaxation rate. When, how-
ever, the excited state |e〉 having decay rate Γ is coupled
by a strong driving field with Rabi frequency Ωd and de-
tuning ∆d = ωd−ωes to a third metastable state |s〉, the
situation changes dramatically (figure 3(a)). Assuming
all the atoms initially reside in state |g〉, the complex
susceptibility now takes the form
χ(ω) =
2κ0
k
iγge
γge − i∆+ |Ωd|2(γR − iδR)−1 , (1)
where δR = ∆ − ∆d = ω − ωd − ωsg is the two-photon
Raman detuning and γR the Raman coherence (spin) re-
laxation rate. Obviously, in the limit of Ωd → 0, the
susceptibility (1) reduces to that for the two-level atom.
The absorption and dispersion spectra corresponding to
the susceptibility of equation (1) are shown in figure 3(b)
for the case of Ωd = γge and ∆d = 0, i.e. δR = ∆. As
seen, the interaction with the driving field results in the
Autler-Towns splitting of the absorption spectrum into
two peaks separated by 2Ωd, while at the line center the
medium becomes transparent to the resonant field, pro-
vided γR ≪ |Ωd|2/γge. This effect is called electromag-
netically induced transparency (EIT) [10, 11]. At the
exit from the optically dense medium of length L (op-
tical depth 2κ0L > 1), the intensity transmission coeffi-
cient is given by T (ω) = exp[−k Imχ(ω)L]. To determine
the width of the transparency window δωtw, one makes a
power series expansion of Imχ(ω) in the vicinity of max-
4imum transmission δR = 0, obtaining [12, 13]
T (ω) ≃ exp(−δ2R/δω2tw), δωtw =
|Ωd|2
γge
√
2κ0L
, (2)
where the usual EIT conditions, ∆dγR,∆
2
dγR/γge ≪
|Ωd|2, are assumed satisfied. Equation (2) implies that
for the absorption-free propagation, the bandwidth δω
of near-resonant probe field should be within the trans-
parency window, δω < δωtw. Alternatively, the temporal
width T of a Fourier-limited probe pulse should satisfy
T >∼ δω−1tw .
Considering next the dispersive properties of EIT, in
figure 3(b) one sees that the dispersion exhibits a steep
and approximately linear slope in the vicinity of ab-
sorption minimum δR = 0. Therefore, a probe field
slightly detuned from the resonance by δR < δωtw, dur-
ing the propagation would acquire a large phase-shift
φ(L) ≃ κ0LγgeδR/|Ωd|2 while suffering only little ab-
sorption, as per equation (2). At the same time, a
near-resonant probe pulse E(z, t) propagates through the
medium with greatly reduced group velocity
vg =
c
1 + c ∂∂ω [
k
2Reχ(ω)]
=
c
1 + c
κ0γge
|Ωd|2
≃ |Ωd|
2
κ0γge
≪ c,
(3)
while upon entering the medium, its spacial envelope is
compressed by a factor of vg/c≪ 1.
So far, we have outlined the absorptive and disper-
sive properties of the stationary EIT without elaborating
much on the underlying physical mechanism. As eluci-
dated below, EIT is based on the phenomenon of coherent
population trapping [10, 11], in which the application of
two coherent fields to a three-level Λ system of figure 3(a)
creates the so-called “dark state”, which is stable against
absorption of both fields. Since we are interested in quan-
tum information processing with photons, the probe field
has to be treated quantum mechanically. It is expressed
through the traveling-wave (multimode) electric field op-
erator Eˆ(z, t) = ∑q aq(t)eiqz , where aq is the bosonic
annihilation operator for the field mode with the wave-
vector k + q. The classical driving field with Rabi fre-
quency Ωd is assumed spatially uniform. In the frame
rotating with the probe and driving field frequencies, the
interaction Hamiltonian has the following form:
H = ~
N∑
j=1
[∆σˆjee + δRσˆ
j
ss − gEˆ(zj)eikzj σˆjeg
−Ωd(t)eikdzj σˆjes +H.c.], (4)
where N = ρV is the total number of atoms in the quan-
tization volume V = AL (A being the cross-sectional area
of the probe field), σˆjµν = |µj〉〈νj | is the transition oper-
ator of the jth atom at position zj, kd is the projection
of the driving field wavevector onto the ez direction, and
g =
℘ge
~
√
~ω
2ǫ0V
is the atom-field coupling constant. For
δR = 0, the Hamiltonian (4) has a family of dark eigen-
states |Dqn〉 with zero eigenvalue H |Dqn〉 = 0, which are
decoupled from the rapidly decaying excited state |e〉:
|Dqn〉 =
n∑
m=0
(
n
m
) 1
2
(− sin θ)m(cos θ)n−m |(n−m)q〉 |s(m)〉.
(5)
Here the mixing angle θ(t) is defined via
tan2 θ(t) =
g2N
|Ωd(t)|2 ,
|nq〉 denotes the state of the quantum field with n pho-
tons in mode q, and |s(m)〉 is a symmetric Dicke-like state
of the atomic ensemble with m Raman (spin) excitations,
i.e., atoms in state |s〉, defined as
|s(0)〉 ≡ |g1, g2, . . . , gN〉,
|s(1)〉 ≡ 1√
N
N∑
j=1
ei(k+q−kd)zj |g1, . . . , sj, . . . , gN〉,
|s(2)〉 ≡ 1√
2N(N − 1)
N∑
i6=j=1
ei(k+q−kd)(zi+zj)
× |g1, . . . , si, . . . , sj, . . . , gN〉,
etc. When θ = 0 (|Ωd|2 ≫ g2N), the dark state
(5) is comprised of purely photonic excitation, |Dqn〉 =
|nq〉 |s(0)〉, while in the opposite limit of θ = π/2 (|Ωd|2 ≪
g2N), it coincides with the collective atomic excitation
|Dqn〉 = (−1)n |0q〉 |s(n)〉. For intermediate values of mix-
ing angle 0 < θ < π/2, the dark state represents a coher-
ent superposition of photonic and atomic Raman excita-
tions [16, 26]. Below will be concerned with the case of
single-photon probe field, for which the dark state takes
a particularly simple form
|Dq1〉 = cos θ |1q, s(0)〉 − sin θ |0q, s(1)〉. (6)
Consider now the dynamic evolution of the field and
atomic operators. In the slowly varying envelope approx-
imation, the propagation equation for the quantum field
has the form(
∂
∂t
+ c
∂
∂z
)
Eˆ(z, t) = igNσˆge, (7)
where σˆµν(z, t) =
1
Nz
∑Nz
j=1 σˆ
j
µν is the collective atomic
operator averaged over small but macroscopic volume
containing many atoms Nz = (N/L)dz ≫ 1 around posi-
tion z. The evolution of the atomic operators is governed
by a set of Heisenberg-Langevin equations [16], which are
treated perturbatively in the small parameter gEˆ/Ωd and
in the adiabatic approximation for both fields,
σˆge = − i
Ω∗d
[
∂
∂t
− iδR + γR
]
σˆgs +
i
Ω∗d
Fˆgs, (8a)
σˆgs = − gEˆ
Ωd
[
1 +
δR(∆ + iγge)
|Ωd|2
]
+
i
Ωd
Fˆge, (8b)
5where Fˆµν are δ-correlated noise operators associated
with the atomic relaxation. When the driving field is
constant in time and δR∆≪ |Ωd|2, equations (7-8) yield
(
∂
∂z
+
1
vg
∂
∂t
)
Eˆ = −κEˆ + isδREˆ + Fˆ , (9)
where vg = c cos
2 θ is the group velocity of (3), while
κ = tan2 θ/c(γR+ γgeδ
2
R/|Ωd|2) and s = tan2 θ/c are, re-
spectively, the linear absorption and phase-modulation
coefficients. The solution of equation (9) can be ex-
pressed in terms of the retarded time τ = t − z/vg as
Eˆ(z, t) = Eˆ(0, τ) exp [−κz + iφ(z)] + FˆE , (10)
with φ(z) = sδRz (the noise operator FˆE ensures the
conservation of field commutators [27]). We will be inter-
ested in the input states corresponding to single-photon
wavepackets |1〉 =∑q ξq |1q〉 ( |1q〉 = aq† |0〉), where the
Fourier amplitudes ξq, normalized as
∑
q |ξq|2 = 1, define
the spatial envelope f(z) of the probe pulse that initially
(at t = 0) is localized around z = 0,
〈0| Eˆ(z, 0) |1〉 =
∑
q
ξqeiqz = f(z).
In free space, Eˆ(z, t) = Eˆ(0, τ) with τ = t − z/c, and we
have 〈0| Eˆ(z, t) |1〉 = f(z−ct). Upon propagating through
the EIT medium, using equation (10) and neglecting the
(small) absorption, for the expectation value of the probe
field intensity 〈Iˆ(z, t)〉 = 〈1| Eˆ†(z, t)Eˆ(z, t) |1〉 one has
〈Iˆ(z, t)〉 = |f(−cτ)|2 = |f(zc/vg − ct)|2, (11)
where τ = t−z/vg for 0 ≤ z < L. This equation indicates
that at the entrance to the medium, as the group velocity
of the pulse is slowed down to vg, its spatial envelope is
compressed by a factor of vg/c≪ 1. Outside the medium,
at z ≥ L and accordingly τ = t− L/vg − (z − L)/c, one
has 〈Iˆ(z, t)〉 = |f(z + L(c/vg − 1) − ct)|2, which shows
that the propagation velocity and the pulse envelope are
restored to their free-space values.
Consider finally the case of the exact two-photon Ra-
man resonance δR = 0 and time-dependent driving field
Ωd(t). To solve the coupled set of equations (7-8), one
introduces a polariton operator [16]
Ψˆ(z, t) = cos θ(t)Eˆ(z, t)− sin θ(t)
√
Nσˆgs, (12)
whose photonic and atomic components are determined
by the mixing angle θ, Eˆ = cos θΨˆ and σˆgs = sin θΨˆ/
√
N .
Taking the plain-wave decomposition of the polariton op-
erator Ψˆ(z, t) =
∑
q ψˆ
q(t)eiqz , one can show that in the
weak-field limit the mode operators ψˆq obey the bosonic
commutation relations [ψˆq, ψˆq
′†] = δqq′ [16]. Moreover,
by acting n times with operator ψˆq† onto the state
|0q〉 |s(0)〉 one creates the dark state of (5),
|Dqn〉 =
1√
n!
(ψˆq†)n |0q〉 |s(0)〉.
Therefore the operator Ψˆ had been called dark-state po-
lariton [16]. It is easy to verify that upon neglecting the
absorption, the equation of motion for Ψˆ(z, t) takes a
particularly simple form
(
∂
∂t
+ vg(t)
∂
∂z
)
Ψˆ(z, t) = 0. (13)
Its solution is given by
Ψˆ(z, t) = Ψˆ
(
z −
∫ t
0
vg(t
′)dt′, 0
)
, (14)
which describes a state- and shape-preserving pulse prop-
agation with time-dependent group velocity vg(t) =
c cos2 θ(t). Thus, once the pulse has fully accommodated
in the medium, one can stop it by adiabatically rotat-
ing the mixing angle from its initial value 0 ≤ θ < π/2
to θ = π/2, which amounts to switching off the driving
field Ωd. As a result, the state of the photonic compo-
nent of the pulse is coherently mapped onto the collective
atomic state according to (5) or (6), the latter applies to a
single-photon input pulse. In order to accommodate the
pulse in the medium with negligible losses, its duration
should exceed the inverse of the initial EIT bandwidth,
while at the entrance its length should be compressed to
the length of the medium, δω−1tw vg ≪ Tvg < L. These
two conditions yield (2κ0L)
−1/2 ≪ Tvg/L < 1, which
requires media with large optical depth 2κ0L≫ 1. Note
finally, that although the collective state |s(1)〉 is an en-
tangled state of N atoms, it decoheres with essentially
single-atom rate and is quite stable against one (or few)
atom losses [28]. Therefore the coherent trapping time is
limited mainly by the life-time of Raman coherence γ−1R .
IV. PHOTONIC MEMORY
With straightforward modifications, the technique de-
scribed above can be used to realize a reversible mem-
ory device for the photon-polarization qubit. To that
end, after passing through a λ/4 plate oriented at 45◦,
the vertically- and horizontally-polarized components of
the single-photon pulse are converted into the circularly
right- and left-polarized ones according to |V 〉 → |R〉 =
1√
2
( |V 〉 + i |H〉) and |H〉 → |L〉 = 1√
2
( |V 〉 − i |H〉).
The pulse is then sent to the atomic medium with M-
level configuration, as shown in figure 4. All the atoms
are initially prepared in the ground state |g〉, the EL,R
components of the field interact with the atoms on the
corresponding transitions |g〉 → |e1,2〉, while the excited
states |e1,2〉 are coupled to the metastable states |s1,2〉
via the same driving field with Rabi frequency Ωd. Once
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FIG. 4: Reversible memory for the photon-polarization qubit.
(a) After the basis transformation |V 〉 → |R〉, |H〉 → |L〉
on a 45◦ oriented λ/4 plate, the photon enters the atomic
medium serving as a memory device. (b) Level scheme of M-
atoms interacting with the EL,R components of single-photon
pulse and the driving field with Rabi frequency Ωd.
the pulse has fully accommodated in the medium, the
driving field Ωd is adiabatically switched off. As a result,
the photon wavepacket is stopped in the medium, and its
state |ψ〉 is coherently mapped onto the collective atomic
state according to [26, 28]
α |L〉+ β |R〉 → α |s(1)1 〉+ β |s(1)2 〉. (15)
This collective state is stable against decoherence [28],
allowing for a long storage time of the qubit state in the
atomic ensemble. At a later time, the photon can be
released from the medium on demand by switching the
driving field on, which results in the reversal of map-
ping (15).
V. DETERMINISTIC SOURCE OF
SINGLE-PHOTONS
Generation of single-photons in a well defined spa-
tiotemporal mode is a challenging task that is currently
attracting much effort [29]. In a simplest setup, one typ-
ically employs spontaneous parametric down conversion
[30] to generate a pair of polarization- and momentum-
correlated photons. Then, conditional upon the outcome
of measurement on one of the photons, the other photon
is projected onto a well-defined polarization and momen-
tum state. In more elaborate experiments, single emit-
ters, such as quantum dots [31] or molecules [32], emit
single photons at a time when optically pumped into an
excited state. Recently, truly deterministic sources of
single photons have been realized with single atoms in
high-Q optical cavities [33]. In these experiments, single-
photon wavepackets with precise propagation direction
and well characterized timing and temporal shape were
generated using the technique of intracavity stimulated
Raman adiabatic passage (STIRAP). Notwithstanding
these achievements, the cavity QED experiments in the
strong coupling regime required by the intracavity STI-
RAP involve sophisticated experimental setup which is
very difficult, if not impossible, to scale up to a large
number of independent emitters operating in parallel.
In this section, we describe a method for deterministic
generation of single-photon pulses from coherently ma-
nipulated atomic ensembles. As discussed in section III,
symmetric Raman (spin) excitations in optically thick
atomic medium exhibit collectively enhanced coupling to
light in the EIT regime; Once the single excitation state
|s(1)〉 is created in the medium, the application of res-
onant driving field Ωd on the transition |s〉 → |e〉 will
stimulate the Raman transition |s〉 → |g〉 and produce
a single-photon anti-Stokes pulse E, whose propagation
direction and pulse-shape are completely determined by
the driving-field parameters. The question is then: How
can one produce, in a deterministic fashion, precisely one
collective Raman excitation? In a number of recent the-
oretical and experimental studies, such excitations were
produced by the process of spontaneous Raman scatter-
ing. Namely, one applies a classical pump laser to the
atomic transition |g〉 → |e〉 and detects the number of
forward scattered Stokes photons [34]. Since the emis-
sion of each such photon results in one atomic excitation
|s〉 symmetrically distributed in the whole ensemble, the
number of Stokes photons is uniquely correlated with the
number of Raman excitations of the medium. However,
due to the spontaneous nature of the scattering process,
the production of collective single excitation state |s(1)〉
requires the postselection conditioned upon the measured
number of Stokes photons, which makes this scheme es-
sentially probabilistic
Below we will describe a scheme that is capable of pro-
ducing the single collective Raman excitation at a time.
It is based on the dipole-blockade technique proposed
in [35], which employs the exceptionally strong dipole-
dipole interactions between pairs of Rydberg atoms. In
a static electric field Estez, the linear Stark effect re-
sults in splitting of highly excited Rydberg states into a
manifold of 2n − 1 states with energy levels ~∆νnqm =
3
2nqea0Est, where n is the principal quantum number,
q ≡ n1−n2 = n−1−|m|, n−3−|m|, . . . ,−(n−1−|m|),
and m = n − 1, n − 2, . . . ,−(n − 1) are, respectively,
parabolic and magnetic quantum numbers, e is the elec-
tron charge, and a0 is the Bohr radius [36]. These
Stark eigenstates possess large permanent dipole mo-
ments d = 32nqea0ez . A pair of atoms 1 and 2 prepared
in such Stark eigenstates |r〉 interact with each other via
the dipole-dipole potential
VDD =
d1 · d2 − 3(d1 · e12)(d2 · e12)
4πǫ0R3
, (16)
where R = Re12 is the distance between the atoms. The
dipole-dipole interaction (16) results in an energy shift of
the pair of Rydberg atoms, as well as their coupling to
the other Stark eigenstates within the same n manifold,
which in turn splits the energy levels |r〉.
Consider next a dense ensemble of double-Λ atoms
shown in figure 5. A coherent laser field with Rabi fre-
quency Ω
(1)
r < ∆ν resonantly couples the initial atomic
state |g〉 to the selected Stark eigenstate |r〉, while the
second resonant field acts on the transition |r〉 → |s〉
with Rabi frequency Ω
(2)
r . When Ωd = E = 0, one can
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FIG. 5: Level scheme of atoms for deterministic generation
of single-photons. Dipole-dipole interaction between pairs of
atoms in Rydberg states |r〉 facilitates the generation of single
collective Raman excitation of the atomic ensemble at a time,
via the sequential application of the Ω
(1)
r and Ω
(2)
r pulses of
(effective) area pi. This collective excitation is then adiabati-
cally converted into a single-photon wavepacket by switching
on the driving field Ωd.
disregard state |e〉, and the Hamiltonian takes the form
H = VAF + VDD, (17)
with the atom-field and dipole-dipole interaction terms
given, respectively, by
VAF = −~
N∑
j
[Ω(1)r e
ik(1)r zj σˆjrg +Ω
(2)
r e
ik(2)r zj σˆjrs
+H.c.], (18a)
VDD = ~
N∑
i>j
∆ij(R) |ri rj〉〈ri rj | , (18b)
where ∆ij(R) = 〈ri rj |VDD |ri rj〉 ≈ −n4e2a20/(π~ǫ0R3)
is the dipole-dipole energy shift for a pair of atoms i
and j separated by distance R. Suppose that initially
all the atoms are in state |g〉, while the second laser is
switched off, Ω
(2)
r = 0. Then the first laser field, coupled
symmetrically to all the atoms, will induce the transition
from the ground state |g1, g2, . . . , gN〉 ≡ |s(0)〉 to the col-
lective state |r(1)〉 ≡ 1√
N
∑
j e
ik(1)r zj |g1, . . . , rj , . . . , gN〉
representing a symmetric single Rydberg excitation of
the atomic ensemble. The collective Rabi frequency on
the transition |s(0)〉 → |r(1)〉 is √NΩ(1)r . Once an atom
i (∈ {1, . . . , N}) is excited to the state |r〉, the exci-
tation of a second atom j (6= i) is constrained by the
dipole-dipole interaction between the atoms: Provided
|∆ij | > Ω(1)r , γr, where γr is the width of level |r〉, the
nonresonant transitions |ri gj〉 → |ri rj〉 resulting in two-
atom excitations are suppressed. Hence, applying a laser
pulse of area
√
NΩ
(1)
r T = π/2 (an effective π pulse), one
produces the single Rydberg excitation state |r(1)〉. At
the end of the pulse, the probability of error due to popu-
lating the doubly-excited states |ri rj〉 is found by adding
the probabilities of all possible double-excitations,
Pdouble ∼ 1
N
∑
i,j
|Ω(1)r |2
∆2ij
≈ N |Ω
(1)
r |2
∆¯2
.
Thus Pdouble ≪ 1 when the collective Rabi frequency√
NΩ
(1)
r is small compared to the average dipole-dipole
energy shift ∆¯. Another source of errors is the dephasing
given by Pdeph ≤ γrT ∼ γr/(
√
NΩ
(1)
r ), which is typically
very small for long-lived Rydberg states and N ≫ 1.
By the subsequent application of the second laser with
the area Ω
(2)
r T = π/2 (π pulse), the state |r(1)〉 can
be converted into the symmetric Raman excitation state
|s(1)〉 ≡ 1√
N
∑
j e
i(k(1)r −k(2)r )zj |g1, . . . , sj , . . . , gN〉, which
is precisely the state we need for the generation of single-
photon pulse, as described above.
To relate the foregoing discussion to a realistic exper-
iment, let us assume cold alkali atoms (Rb) loaded into
an elongated trap of length L ≃ 10 µm and cross-section
A ≃ 10 µm2. The Stark eigenstates are resonantly se-
lected from within the Rydberg states with the effective
principal quantum number n ≃ 50. The dipole-dipole
energy shift is smallest for pairs of atoms located at the
opposite ends of the trap, ∆¯ >∼ ∆ij(L) ∼ 2π × 20 MHz.
For the density ρ ≃ 1014cm−3, the trap containsN ≃ 104
atoms, and the (single atom) Rabi frequency should be
chosen as Ω
(1)
r ≤ 2π×100kHz. Then, for the preparation
time T ∼ 0.1 µs of state |s(1)〉, the achievable fidelity is
>∼ 98%. For these parameters, the optical depth of the
medium is large, 2κ0L ≃ 100, which is necessary for effi-
cient generation of single-photon pulses by switching on
the driving field Ωd and converting the atomic Raman
excitation into the photonic excitation, as discussed in
section III.
It should be mentioned that a related scheme for single
photon generation employing the dipole blockade tech-
nique was proposed in [37]. There, however, a single
atom at a time was transferred to an excited state, from
where it spontaneously decayed back to the ground state
producing a single fluorescent photon in a well-defined
direction.
VI. PHOTON-PHOTON INTERACTION
Conventional media are typically characterized by
weak optical nonlinearities, which are manifest only at
high intensities of electromagnetic fields [9] and are van-
ishingly small for single- or few-photon fields. It was
first pointed out in [20], however, that the ultrahigh sen-
sitivity of EIT dispersion to the two-photon Raman de-
tuning δR in the vicinity of absorption minimum, can
be used to achieve giant Kerr nonlinearities between two
weak optical fields interacting with four-level atoms in
N-configuration of levels. As was shown in section III, a
probe field with δR = 0 propagating in the EIT medium
experiences negligible absorption and phase-shift. When,
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FIG. 6: Cross-phase modulation of two single-photon pulses.
(a) Two horizontally polarized photons E1 and E2, after pass-
ing through the ±45◦ oriented λ/4 plates, are converted into
the circularly left- and right-polarized photons, which are sent
into the active medium. (b) Level scheme of tripod atoms in-
teracting with quantum fields E1,2, strong cw driving field
with Rabi frequency Ωd and weak magnetic field B that re-
moves the degeneracy of Zeeman sublevels |g1〉 and |g2〉.
however, a second weak (signal) field, dispersively cou-
pling state |s〉 to another excited state |f〉, is intro-
duced in the medium, it causes a Stark shift of level
|s〉, given by ∆St = |Ωs|2/∆s, where Ωs is the Rabi
frequency and ∆s > Ωs,Γf is the detuning of the sig-
nal field from the |s〉 → |f〉 resonance. Thus the
EIT spectrum is effectively shifted by the amount of
∆St, which results in the conditional phase-shift of the
probe field, φ(z) ≃ κ0zγge∆St/|Ωd|2. Notwithstanding
this promising sensitivity, large conditional phase shift
of one weak (single-photon) pulse in the presence of an-
other (also known as cross-phase modulation) faces se-
rious challenges in spatially uniform media. In order
to eliminate the two-photon absorption [21] associated
with Doppler broadening δωD of the atomic resonance
|s〉 → |f〉, one either has to work with cold atoms, of
choose large detuning ∆s > δωD, which limits the result-
ing cross-phase shift. Another drawback of this scheme
is the mismatch between the slow group velocity of the
probe pulse subject to EIT, and that of the nearly-free
propagating signal pulse, which severely limits their ef-
fective interaction length and the maximal conditional
phase-shift [22]. This drawback may be remedied by us-
ing an equal mixture of two isotopic species, interact-
ing with two driving fields and an appropriate magnetic
field, which would render the group velocities of the two
pulses equal [23]. Other schemes to achieve the group ve-
locity matching and strong cross-phase modulation were
proposed in [38, 39, 40]. Here we discuss an alterna-
tive, simple and robust approach [27], in which two weak
(single-photon) fields, propagating through a medium of
hot alkali atoms under the conditions of EIT, impress
very large nonlinear phase-shift upon each other.
Consider a near-resonant interaction of two weak, or-
thogonally (circularly) polarized optical fields E1 and E2
and a strong driving field with Rabi frequency Ωd with
a medium of atoms having tripod configuration of levels,
as shown in figure 6. The medium is subject to a weak
longitudinal magnetic field B that removes the degener-
acy of the ground state sublevels |g1〉 and |g2〉, whose
Zeeman shift is given by ~∆ = µBmF gFB, where µB is
the Bohr magneton, gF is the gyromagnetic factor and
mF = ±1 is the magnetic quantum number of the corre-
sponding state. All the atoms are assumed to be optically
pumped to the states |g1〉 and |g2〉, which thus have the
same incoherent populations 〈σˆg1g1〉 = 〈σˆg2g2〉 = 1/2.
The weak fields E1 and E2, having the same carrier fre-
quency ω = ω0eg equal to the |g1,2〉 → |e〉 resonance
frequency for zero magnetic field, and wavevector k par-
allel to the magnetic field direction, act on the atomic
transitions |g1〉 → |e〉 and |g2〉 → |e〉, with the detun-
ings δ1,2 = ∓∆ − kv, where kv is the Doppler shift for
the atoms having velocity v along the propagation di-
rection. In the collinear Doppler-free geometry shown in
figure 6(a), the circularly polarized driving field couples
level |e〉 to a single magnetic sublevel |s〉, whose Zeeman
shift ~∆′ = µBmF ′gF ′B is incorporated in the driving
field detuning, δd = ωd − ω0es +∆′ − kdv = ∆d − kdv.
Assuming, as before, the weak-field limit and adiabati-
cally eliminating the atomic degrees of freedom, the equa-
tions of motion for the electric field operators Eˆ1,2 corre-
sponding to the quantum fields E1,2 are obtained as [27]
(
∂
∂z
+
1
vg
∂
∂t
)
Eˆ1 = −κ1Eˆ1 − i(∆ +∆d)(s1 − η1Iˆ2)Eˆ1
+Fˆ1, (19a)(
∂
∂z
+
1
vg
∂
∂t
)
Eˆ2 = −κ2Eˆ2 + i(∆−∆d)(s2 − η2Iˆ1)Eˆ2
+Fˆ2, (19b)
where vg = c cos
2 θ ≪ c is the group velocity, with the
mixing angle θ defined as tan2 θ = g2N/(2|Ωd|2) (the
factor 1/2 corresponds to the initial population of lev-
els |g1,2〉), κ1,2 = tan2 θ/c[γR + γge(∆ ± ∆d)2/|Ωd|2]
and s1,2 = tan
2 θ/c[1 + ∆(∆ ± ∆d)/|Ωd|2] are, respec-
tively, the linear absorption and phase modulation co-
efficients, η1,2 = g
22∆ tan2 θ/[c|Ωd|2(2∆ ∓ iγR)] are the
cross-coupling coefficients, and Iˆj ≡ Eˆ†j Eˆj is the dimen-
sionless intensity (photon-number) operator for the jth
field. In deriving equations (19), the EIT conditions
|Ωd|2 ≫ (∆ + kv¯)(∆ ± ∆d), γR(γge + kv¯), where v¯ is
the mean thermal atomic velocity, were assumed satis-
fied. Note that if states |g1,2〉 and |s〉 belong to dif-
ferent hyperfine components of a common ground state,
the frequencies ω and ωd of the optical fields differ from
each other by at most a few GHz, and the difference
(k − kd)v in the Doppler shifts of the atomic resonances
|g1,2〉 → |e〉 and |s〉 → |e〉 is negligible.
In what follows, we discuss the relatively simple case
of small magnetic field, such that γR ≪ ∆,∆′ ≪ ∆d and
∆d = ωd−ω0es. When absorption is negligible, κ1,2z ≪ 1,
z ∈ {0, L}, which requires that vg/γR ≫ L and ∆2d <
γR|Ωd|2/γge, the solution of equations (19) is
Eˆ1(z, t) = Eˆ1(0, τ) exp[iη∆dEˆ†2(0, τ)Eˆ2(0, τ)z],(20a)
Eˆ2(z, t) = Eˆ1(0, τ) exp[iη∆dEˆ†1(0, τ)Eˆ1(0, τ)z],(20b)
where the cross-phase modulation coefficient is given by
9η ≃ g2/(vg|Ωd|2), while the linear phase-modulation
is incorporated into the field operators via the uni-
tary transformations Eˆ1,2(z, t) → Eˆ1,2(z, t)ei∆dz/vg . The
multimode field operators Eˆj(z, t) =
∑
q a
q
j(t)e
iqz (j =
1, 2), with quantization bandwidth δq ≤ δωtw/c (q ∈
{−δq/2, δq/2}) restricted by the width of the EIT win-
dow δωtw [23], have the following equal-time commuta-
tion relations
[Eˆi(z), Eˆ†j (z′)] = δij
Lδq
2π
sinc [δq(z − z′)/2] ,
where sinc(x) = sin(x)/x.
Consider the input state |Φin〉 = |11〉⊗ |12〉, consisting
of two single photon wavepackets
|1j〉 =
∑
q
ξqj a
q†
j |0〉 =
∫
dzfj(z)Eˆ†j (z) |0〉 (j = 1, 2),
whose spatial envelopes fj(z) = 〈0| Eˆj(z, 0) |1j〉 are ini-
tially (at t = 0) localized around z = 0. The state of the
system at any time can be represented as
|Φ(t)〉 =
∑
q,q′
ξqq
′
12 (t) |1q1〉 |1q
′
2 〉, (21)
from where it is apparent that ξqq
′
12 (0) = ξ
q
1ξ
q′
2 . Since
for the photon-number states the expectation values of
the field operators vanish, all the information about the
state of the system is contained in the intensities of the
corresponding fields
〈Iˆj(z, t)〉 = 〈Φin| Eˆ†j (z, t)Eˆj(z, t) |Φin〉, (22)
and their “two-photon wavefunction” [11, 23]
Ψij(z, t; z
′, t′) = 〈0| Eˆj(z′, t′)Eˆi(z, t) |Φin〉. (23)
The physical meaning of Ψij is a two-photon detection
amplitude, through which one can express the second-
order correlation function G
(2)
ij = Ψ
∗
ijΨij [11]. The
knowledge of the two-photon wavefunction allows one to
calculate the amplitudes ξqq
′
12 of state vector (21) via the
two dimensional Fourier transform of Ψij at t = t
′:
ξqq
′
ij (t) =
1
L2
∫∫
dzdz′Ψij(z, z′, t)e−iqze−iq
′z′ . (24)
Substituting the operator solutions (20) into (22), for
the expectation values of the intensities one finds
〈Iˆj(z, t)〉 = |fj(−cτ)|2. (25)
For 0 ≤ z < L the retarded time is τ = t − z/vg, and
therefore 〈Iˆj(z, t)〉 = |fj(zc/vg − ct)|2, while outside the
medium, at z ≥ L and accordingly τ = t − L/vg − (z −
L)/c, we have 〈Iˆj(z, t)〉 = |fj(z+L(c/vg − 1)− ct)|2. On
the other hand, after the interaction at z, z′ ≥ L, the
equal-time (t = t′) two-photon wavefunction reads [27]
Ψij(z, z
′, t) = fi[z + L(c/vg − 1)− ct]
×fj[z′ + L(c/vg − 1)− ct]
×
{
1 +
fj [z + L(c/vg − 1)− ct]
fj [z′ + L(c/vg − 1)− ct]
×sinc
[
δq
2
(z′ − z)
] (
eiφ − 1)
}
,(26)
where φ = η∆dL
2δq/(2π). For large enough spatial sepa-
ration between the two photons, such that |z′−z| > δq−1
and therefore sinc[δq(z′− z)/2] ≃ 0, equation (26) yields
Ψij(z, z
′, t) ≃ fi[z+L(c/vg−1)−ct]fj[z′+L(c/vg−1)−ct],
which indicates that no nonlinear interaction takes place
between the photons, which emerge from the medium un-
changed. This is due to the local character of the interac-
tion described by the sinc function. In the opposite limit
of |z′ − z| ≪ δq−1 and therefore sinc[δq(z′ − z)/2] ≃ 1,
for two narrow-band (Fourier limited) pulses with the
duration T ≫ |z′ − z|/c, one has fj(z)/fj(z′) ≃ 1, and
equation (26) results in
Ψij(z, z
′, t) ≃ eiφfi[z + L(c/vg − 1)− ct]
×fj[z′ + L(c/vg − 1)− ct].
Thus, after the interaction, a pair of single photons ac-
quires conditional phase shift φ, which can exceed π when
(δqL/2π)2 > (vg/c) (|Ωd|2/g2). To see this more clearly,
we use equation (24) to calculate the amplitudes of the
state vector |Φ(t)〉:
ξqq
′
ij (t) = e
iφξqq
′
ij (0) exp{i(q+q′)[L(c/vg−1)−ct]}. (27)
At the exit from the medium, at time t ≃ L/vg, the
second exponent in equation (27) can be neglected for all
q, q′ and the state of the system is given by
|Φ(L/vg)〉 = eiφ |Φin〉. (28)
When φ = π, the output state of the two photons is
|Φout〉 = − |Φin〉. (29)
Utilizing the scheme of figure 2(b), one can then realize
the transformation corresponding to the cphase logic
gate between two photons representing qubits.
Before closing this section, we note that several impor-
tant relevant issues, such as the spectral broadening of
interacting pulses and the necessity for their tight focus-
ing over considerable interaction lengths, were addressed
in a number of recent studies [41, 42, 43].
VII. SINGLE-PHOTON DETECTION
To complete the proposal for optical quantum com-
puter, we need to discuss a measurement scheme capa-
ble of reliably detecting the polarization states of single
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FIG. 7: Level scheme of atoms for efficient photon detection.
Adiabatically switching off the driving field, Ωd → 0, results
in the conversion of photonic excitation E into the atomic
Raman excitation |g〉 → |s〉. The latter is detected using the
pump field acting on the cycling transition |s〉 ↔ |f〉 with
Rabi frequency Ωp and collecting the fluorescent photons.
photons. When the photonic qubit |ψ〉 = α |V 〉 + β |H〉
passes though a polarizing beam-splitter, its vertically
and horizontally polarized components are sent into two
different spatial modes – photonic channels. Placing
efficient single-photon detectors at each channel would
therefore accomplish the projective measurement of the
qubits in the computational basis. The remaining ques-
tion then is the practical realization of sensitive photode-
tectors. Avalanche photodetectors with high quantum
efficiencies are possible candidates for the reliable mea-
surement [44]. Let us, however, outline an alternative
scheme [45], based on stopping of light in EIT media,
whose potential efficiency is unmatched by the state-of-
the-art photodetectors.
Consider an optically dense medium of four-level atoms
with N-configuration of levels, as shown in figure 7. Ini-
tially, all the atoms are in the ground state |g〉. Un-
der the EIT conditions discussed in section III, a single-
photon pulse entering the medium can be fully stopped
by adiabatically switching off the driving field Rabi fre-
quency Ωd. As a result, the atomic ensemble is trans-
ferred into the symmetric state |s(1)〉 with single Raman
excitation, i.e., an atom in state |s〉. Next, to detect the
atom in this state, one can use the electron shelving or
quantum jump technique [46]. To that end, one applies a
strong resonant pumping laser acting on the cycling tran-
sition |s〉 ↔ |f〉 with Rabi frequency Ωp and collects the
fluorescent photons emitted by the atoms with the rate
Rf = Γf |Ωp|2/(2|Ωp|2 + γ2sf ), where Γf is the sponta-
neous decay rate of state |f〉. In the limit of strong
pump Ωp ≫ γsf , transition |s〉 → |f〉 saturates and
Rf ∼ Γf/2.
In alkali atoms, the cycling transition with circularly
polarized pump laser can be established between the
ground and excited state sublevels |s〉 = |F = 2,mF =
2〉 and |f〉 = |F = 3,mF = 3〉. To estimate the relia-
bility of the measurement, assuming unit probability of
photon trapping in EIT medium, let as suppose that a
photodetector with efficiency η ≪ 1 is collecting the flu-
orescent signal Sf = ηRf t during time t. This time is
limited by the lifetime of state |s〉, Γ−1s , which is related
to the Raman coherence relaxation rate by γR ≥ Γs/2.
A reliable measurement requires Sf =
1
2η(Γf/Γs) ≥ 1.
Typically, in atomic vapors the ratio Γf/Γs ∼ 104, there-
fore the signal Sf is very strong even for tiny efficiencies
η >∼ 10−3. Thus the described scheme offers great sensi-
tivity in single- of few-photon detection.
VIII. CONCLUSIONS
In this paper, we have described a proposal for all-
optical deterministic quantum computation with photon-
polarization qubits. The schemes for deterministic gener-
ation of single-photon wavepackets, their storage, manip-
ulation, entanglement and reliable measurement were dis-
cussed. All these schemes are based on the coherent ma-
nipulation of macroscopic atomic ensembles in the regime
of electromagnetically induced transparency, whose con-
cise yet detailed description was presented for the sake
of clarity and accessibility of presentation.
We have outlined the principal setup of the quan-
tum computer and its building blocks, leaving out de-
tailed studies of several important issues pertaining to
the decoherence mechanisms and fidelity of the com-
puter’s constituent parts and their optimization, which
will be addressed in subsequent publications. Certainly,
the scheme described above is open to modifications and
improvements, while some of its ingredients are still in
the conceptual stage and have not yet been realized ex-
perimentally. It seems therefore conceivable that at least
in the short term, an optimized combination of the two
approaches, linear optics probabilistic [8, 34] and non-
linear deterministic discussed here, would constitute the
most realistic way towards the all-optical quantum com-
putation.
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